In this work, the channel model for the asynchronous Wi-Fi and LAA signals is investigated, also taking into consideration the impairment of the OFDM parameters between LAA and Wi-Fi. Even for the same bandwidth, e.g., 20 MHz channel, OFDM parameters of LAA-LTE and Wi-Fi are different 
. Definition of the function b(t; f, T1, T2) with the cyclic prefix. transmission of LAA-LTE and Wi-Fi is initiated in an ad-hoc manner, frame and symbol synch is not guaranteed between LAA-LTE and Wi-Fi. As a result, we cannot derive per-subcarrier throughput with the previous analysis framework. In this section, we derive an impact of the difference in the physical-layer parameters on the effective channel.
To begin, important OFDM parameters are denoted in Table I [2], [3] .
We define the m-th transmit OFDM symbol of an eNB and an AP including CP as Based on the notations, we firstly derive the received signals at an AP and UE, and then derive the impact of the difference in the physical-layer parameters on the effective channel.
A. Motivation of a New Derivation on the Effective Channels
To show the necessity of a new derivation on the effective channels, we start with discussing a transmission between homogeneous Wi-Fi nodes, i.e., the transmission from an AP to a STA. 
where H AP,STA = F WHAP,STA Q W . In general, the effective channel matrix H AP,STA is diagonal sinceH AP,STA is circulant and F W = Q H W . Hence, each subcarrier has no effect on any other subcarriers due to the orthogonality between the subcarriers in case of the transmission between homogeneous nodes.
In the scenario of LAA-WLAN coexistence, however, the subcarrier spacing of LAA-LTE and Wi-Fi is different as in Table I . Since △f W is larger than △f L , a Wi-Fi's subcarrier can overlap with around ⌈312.5/15⌉ = 21 LAA-LTE's subcarriers. According to the overlap, we can intuitively recognize that a Wi-Fi's subcarrier interferes multiple LAA-LTE's subcarriers and vice versa. Therefore, the existing effective channel model between homogeneous nodes cannot be used in the LAA-WLAN coexistence scenario.
B. Effective Channel Model from an AP to a UE
To derive the effective channel model from an AP to a UE, we derive a Wi-Fi's signal received at the UE for the duration of one LAA-LTE's OFDM symbol. We start with the following notations: In Fig. 2 , τ 1 is time difference from the starting point of the data part of x 
We first perform a case study for the variable τ 1 , where τ 2 , τ 3 , τ 1,CP , τ 2,CP , and τ 3,CP are functions of τ 1 , and then derive the throughput treating τ 1 as a random variable. In addition, for notational simplicity, the AP index is not considered if not essential based on the analogy of the system model for every AP. 
Based on the definition of M ′ and the range of τ 1 , and from Table I , we can obtain two possible cases,
We shall derive the effective channel only for the case of M ′ = 2 which is a more general case. The derivation for the case of M ′ = 1 can be readily obtained following the analogous derivation for the case of M ′ = 2. Fig. 2(a) . For the time of [0, τ 1,CP ), the sample index is obtained by Based on (5), the sampled points of
1) Samples for the CP Duration:
For (7), the vector form is written as
where s
Here, the matrix
For the period τ 2,CP , the sample index can be obtained as
and the sampled points of
where the time variable t for each Wi-Fi symbol is reset to 0 at the beginning of each Wi-Fi symbol for notational simplicity, as defined in (2) and shown in Fig. 2(a) . Thus, the vector of the sampled points of
where
. Finally, for the period τ 3,CP , the sample index is calculated by
and the vector of the sampled points from
is defined by
2) Samples for the Data Duration:
To ease notation, we reset the sample index for the data part due to the difference in the sampling frequencies for the CP and data in LAA-LTE. Specifically, in Fig. 2(a) , the p-th Wi-Fi's symbol x W p is overlapped with the data part of the LAA-LTE's symbol, and the sample index is obtained as
For the duration [0, τ 1 ), the sampled points of x W p (t) are written by
and the vector form of the sampled points is derived as
where a
T and s
T . The matrix G τ 1 is defined by 
1 Since τ2 = M × T W total , the time duration is [τ1, τ2) for all q.
Hence, for the duration, the sampled points from x
and the vector form of the sampled points is obtained as is defined by
, the sample index n should satisfy
and the sampled points of x
The vector form is derived as
. . .
. . . 
each element of which is constructed as (35).
At this point, to consider the effect of the channel impulses on the received signal, we denote the discrete-time-domain channel matrix from the α-th AP to the UE asH
which is defined byH
Then, the received interference signal at the UE due to the AP's signal is derived by
By multiplying both sides of (38) with the FFT matrix of LAA-
FFT , we can obtain the frequency-domain interference at the UE as
As a result, the frequency-domain effective channel matrix from the α-th AP to the UE can be defined as
C. Effective Channel Model from an eNB to an AP
To derive the eNB's signal received at an AP, τ is defined as the time difference between the starting point of an LAA-LTE's symbol and that of the considered Wi-Fi's symbol, as shown in Fig. 3 . We first perform a case study for the variable τ , and then derive the throughput treating it as a random variable. For the frequency-domain CCA, an AP senses signals for the Wi-Fi's OFDM symbol duration. Thus, we derive the LAA-LTE's signal received at an AP for the duration of one Wi-Fi's OFDM symbol.
There are two cases depending on how a Wi-Fi's OFDM symbol duration overlaps with multiple LAA-LTE's OFDM symbols as follows:
: a Wi-Fi's symbol duration is overlapped with only one LAA-LTE's symbol as in Fig. 3(a) .
• Case 2 (−T W total ≤ τ < 0): two LAA-LTE's symbols are overlapped with a Wi-Fi's symbol duration as in Fig. 3(b) . Fig. 3(a) 
1) Case 1: In
The vector form of (42) is defined as
where Fig. 3(b) , the (m − 1)-th LAA-LTE's symbol is overlapped for the index
while the m-th LAA-LTE's symbol is overlapped for the sample index
Thus, the N W total samples of the LAA-LTE's symbols are obtained as follows.
For
In the vector form with (48) and (50), we have
T . In (51), K τ and K 1−τ are defined as follows:
, and
3) Frequency-Domain Effective Channel Matrix:
To take into account the effect of the channel impulses on the received signal, we denote the discrete-time-domain channel matrix from the eNB to the α-th AP asH eNB,APα ∈ C N W FFT ×N W total , wherẽ
Then, the eNB's signal received at the α-th AP is expressed by
By multiplying both sides of (55) with
FFT , the FFT matrix of Wi-Fi, we obtain the frequency-domain received signal at the AP as
As a result, in the frequency domain, the effective channel matrix from the eNB to the α-th AP can be defined as follows. Table I .
The left figures of Fig. 4(a) and Fig. 4(b) show the results for all the LAA-LTE's and Wi-Fi's subcarriers, while the right ones present the enlarged results for specific ranges. Note that the guard subcarriers part [3] of LAA-LTE is omitted from the figures.
In Fig. 4(a) , the whole range result presents that an LAA-LTE's subcarrier affects some WiFi's subcarriers around itself. Specifically, from the right figure, an LAA-LTE's subcarrier has the effect on one or two Wi-Fi's subcarriers. The LAA-LTE's subcarriers close to the center frequency of a Wi-Fi's subcarrier affect mostly a single Wi-Fi's subcarrier. As an LAA-LTE's subcarrier moves away from the center frequency of a Wi-Fi's subcarrier, however, the LAA-LTE's subcarrier starts to interfere with two Wi-Fi's subcarriers around itself.
In Fig. 4(b) , a similar tendency as in Fig. 4(a) is observed. In addition, the right figure of Fig.   4 (b) presents that a Wi-Fi's subcarrier interferes with several LAA-LTE's subcarriers, which is reasonable since the subcarrier spacing of Wi-Fi is larger than that of LAA-LTE. Specifically, a Wi-Fi's subcarrier strongly affects around 21 LAA-LTE's subcarriers.
From the simulation results, it has been confirmed that a single Wi-Fi's subcarrier affects multiple LAA-LTE's subcarriers, which should be taken into account in the consideration of the interference between LAA-LTE and Wi-Fi. It has been also confirmed that the accurate interference level between LAA-LTE and Wi-Fi cannot be trivially derived by only considering the difference of the subcarrier spacing of LAA-LTE and Wi-Fi, but needs a careful consideration of the symbol synchronization issue as done in Section I-B and I-C.
